Introduction
The endocannabinoid signaling system is part of a network of cellular lipid pathways. Perturbations of such pathways, induced by physiological or pathological events, may strongly affect endocannabinoid function. Recent advances liquid chromatography (LC) and mass spectrometry (MS) have fueled the development of lipidomics, a branch of metabolomics that has enormous potential for the study of endocannabinoid metabolism. Indeed, lipidomic approaches can be combined with genetic and pharmacological strategies to address many unsolved questions on the roles and regulation of endocannabinoid signaling. Considerable progress has been made in understanding the physiological and pathological roles of endocannabinoids and several recent reviews discuss these topics in detail [1, 2] . Here, we will focus on recent advances in the development and application of lipidomics to the study of the endocannabinoid system.
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Endocannabinoid metabolism: a complex picture
The endocannabinoids are endogenous lipids derived from polyunsaturated fatty acids. The two best known endocannabinoids, arachidonoylethanolamide (anandamide) and 2arachidonoyl-sn-glycerol (2-AG), are both derivatives of arachidonic acid. These molecules are found in all mammalian tissues and provide a classic example of signaling lipids. They are produced by cells on demand and bind to G protein-coupled receptors, called cannabinoid receptors, which mediate their action. Cannabinoid receptors participate in the regulation of many physiological processes, such as emotion, reward, cognition, inflammation and reproduction. In the last two decades, much research has been devoted to studying the formation and deactivation of individual endocannabinoid lipids in mammalian tissues, with the intent of elucidating their biological regulation. These analyses have initially relied on techniques such as thin-layer chromatography (TLC) and gas chromatography-mass spectrometry (GC/ MS). Recent progress in LC/MS has greatly facilitated these efforts, allowing researchers to place individual endocannabinoid molecules in the context of the interconnected network of their substrates and products. Indeed, not only are the endocannabinoids produced through biochemical pathways that yield a sequence of functionally distinct signaling lipids, but also different biochemical pathways are used to generate the same endocannabinoid molecule [3] . Thus, the same enzymes and lipid substrates can be often shared between endocannabinoid and other metabolic pathways. The development of analytical approaches that consider the ensemble of the endocannabinoid system, rather than its individual components in isolation, could be invaluable to elucidate the physiopathological roles of this signaling system.
LC/MS of endocannabinoids
The beginning of the endocannabinoid field was marked by the discovery in 1992 of the first endogenous cannabinoid receptor ligand, the fatty acid ethanolamide anandamide [4] . Initially, endocannabinoids analysis relied heavily on TLC, LC and GC/MS [5] [6] [7] . However, these techniques often require multiple analytical steps, including chemical derivatization and serial enzymatic hydrolysis, which render analyses very laborious and time-consuming. The advent of LC/MS has completely changed this scenario. Using LC/MS we can identify and quantify individual endocannabinoid molecules in a single step using analytical platforms, such as tandem mass spectrometry (MS/MS), which provide the detailed structural information necessary for the characterization of lipids in complex biological matrices [8] . Furthermore, the invention of ionization techniques such as electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI), which permit the direct coupling of LC to MS, has allowed researchers to identify and quantify the endocannabinoids with greater sensitivity then ever before possible [9] [10] [11] [12] [13] . Therefore, the combination of LC and MS has emerged as the technique of choice for endocannabinoid analyses.
Lipidomics to study endocannabinoid metabolism
Many aspects of endocannabinoid metabolism are still incompletely understood. For example, it is unclear how changes in endocannabinoid signaling affect distal lipid pathways, and, vice versa, how alterations in cellular lipid metabolism influence endocannabinoid signaling. In addition, we do not understand the specific contributions of each of the biosynthetic and degradative enzymes that have been identified in endocannabinoid metabolism. Lipidomics can help answer these questions by offering a large-scale view of lipid alterations accompanying perturbations of endocannabinoid metabolism. For example, the analysis of lipid profiles associated with genetic or pharmacological manipulations of the endocannabinoid system might shed new light on the biochemical mechanisms underlying the regulation of endocannabinoid metabolism [12, 14, 15] . Furthermore, lipidomic information can be integrated into multidisciplinary datasets deriving from genomics, transcriptomics and proteomics. Such a system biology approach would offer novel insights on the effects of genetic or protein diversity on endocannabinoid metabolism.
In the following sections, we illustrate the development and application of a comprehensive lipidomic approach to study endocannabinoid metabolism in biological samples.
Lipidomic analysis of endocannabinoids and related lipids
The endocannabinoid system is constituted of three major lipid classes: glycerophospholipids, glycerolipids and fatty acyls. Because these lipids have a wide variety of chemical structures and dynamic range of concentrations, several approaches have been developed for their analysis [12, [16] [17] [18] . A large-scale LC/MS lipidomic strategy for the identification and quantification of various classes of lipids in biological samples is presented in Fig. 1 . Such strategy requires the combination of three analytical steps: 1) sample preparation by organic solvent extraction and lipid fractionation by open-bed silica-gel chromatography, which separates low-abundance lipids from molecules that might interfere or suppress their detection; 2) chromatographic separation using two different octadecyl (C18) reversed-phase LC columns, which can fractionate lipids based on their size, number of double bonds and diffusion properties; and 3) intrasource-ionization separation coupled to MS in either the positive or negative mode, which differentiates lipids based on their ionization properties.
2.1.
Step 1. Sample preparation 2.1.1. Lipid extraction-Sample preparation includes lipid extraction from the biological matrix and removal of most non-lipid contaminants from the extract. Usually, lipid concentrations in biological samples are normalized by tissue weight or protein, total phospholipid or DNA concentration. Absolute quantification is made possible by using nonendogenous structural analogs (internal standards), which are added before the extraction procedure. A variety of mixtures of organic solvents have been utilized to extract lipid classes from biological samples [19] [20] [21] [22] [23] [24] [25] . The modified Folch procedure for lipid extraction utilized in our laboratory allows for greater than 90% recovery of most lipids [26] . In such procedure, snap-frozen tissues are weighed and homogenized in ice-cold methanol (1 ml per 100 mg tissue) to quench any possible enzymatic reaction that might interfere with the analysis. The methanol contains appropriate internal standards (see next section), which also act as carriers to reduce analyte loss during sample work-up. Samples from the homogenates are taken for protein measurements. Lipids are extracted with chloroform (2 vol) and washed with water (0.75 vol). Organic phases are collected and dried under a stream of N 2 (important to prevent lipid oxidation). Alternative extraction methods are recommended for the quantitative isolation of acidic phospholipids such as phosphoinositides [18, 27] .
2.1.2.
Internal standards-Quantitation of lipid species in biological samples can be achieved by normalizing the individual molecular ion peak intensity with an internal standard for each lipid class. A mixture of non-endogenous molecules can be used as internal standards, which allow lipid levels to be normalized for both extraction efficiency and instrument response. A representative list of commercially available internal standards for each lipid class includes the following chemicals: 1) fatty-acid ethanolamides: deuterated and non-deuterated fatty acid ethanolamides can be synthesized as previously reported [12] or purchased from commercial sources such as Cayman Chemicals (Ann Arbor, MI, USA); 2) fatty acids: heptadecanoic acid from Nu-Chek Prep (Elysian, MN, USA) or d 8 -arachidonic acid (Cayman Chemicals); 3) N-acyl-phosphatidylethanolamine: 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-heptadecanoyl can be synthesized as previously described [12] ; alternatively 1-O-hexadecyl-2-palmitoyl-sn-glycero-3-phosphoethanolamine-N-palmitoyl may be purchased from Sigma-Aldrich (St. Louis, MI, USA); 4) oxygenated endocannabinoids: d 4 -PGF 2α ethanolamide and prostaglandin: d 4 -prostaglandin-E 2 (Cayman Chemicals); 5) triacylglycerol: trinonadecenoin from Nu-Chek Prep; 6) diacylglycerol: dinonadienoin (Nu-Chek Prep); 7) monoacylglycerol: monoheptadecanoin (Nu-Chek Prep) or d 8 -2-arachidonoyl-sn-glycerol (Cayman Chemicals); 8) phosphatidylethanolamine: 1,2diheptadecanoyl-sn-glycero-3-phosphoethanolamine (Avanti Polar Lipids; Alabaster, AL, USA); 9) phosphatidylcholine: 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (Avanti); 10) phosphatidylinositol: 1,2-dipalmitoyl-sn-glycero-3-phosphoinositol (Avanti).
Lipid fractionation-Various solid-phase extraction chromatography procedures
have been used to fractionate lipid classes. The standardized extraction procedure employed in our lab is illustrated in Fig. 1 . After solvent extraction, the organic phase is divided into two parts. The first is directly analyzed by LC/MS n to measure high-abundance, positively charged lipids (e.g., phosphatidylcholines). The second part is fractionated by open-bed silica gel column chromatography (Silica gel 60 230-400 mesh) prior to LC/MS n analyses. A serial elution with 9:1 and 1:1 chloroform/methanol (vol:vol) is used to separate lipid groups according to their relative polarities ( Fig. 1 ).
Step 2. Chromatographic separation
Reversed-phase LC can be used to separate lipids based on to their fatty acyl chain length and degree of unsaturation. Lipids species containing longer acyl chains elute from the LC column later than do shorter-chain lipids (e.g. C18:0>C16:0>C14:0), while saturated acyl structures tend to elute later than do long polyunsaturated ones (e.g. C18:0>C18:1>C18:2). Generally, the first double bond on an acyl chain reduces the effective chain length by a little less than 2 carbon units, while additional double bonds have smaller effects on retention. The combinatorial nature of complex lipids makes possible only a partial separation of isomeric species. Therefore, to further characterize samples containing such lipids, LC separation is coupled with MS n , which allows each lipid species to be identified based on both retention time and MS n properties ( Fig. 1 ).
Analysis of small lipids-Small lipids
, which we define here as molecules containing a single fatty acyl group, can be separated using a reversed-phase C18 LC column packed with conventional porous silica particles of small diameter ( Fig. 1 ). For small neutral lipids (e.g. esters and amides of fatty acids), a linear gradient of methanol (or acetonitrile) in water is used. More polar small lipids (e.g. fatty acids and their derivatives containing a free carboxylic group or lysophospholipids containing a phosphate group) can be separated using a linear gradient of methanol in water containing acetate buffer (5 mM ammonium acetate, 0.25% acetic acid, pH 3.8), which is included to improve peak shape. These reversed-phase LC conditions generally allow for the separation of small lipids that differ in double bond number and/or chain length.
Analysis of large apolar, anionic and cationic lipids-Large lipids, defined
here as molecules containing two or more fatty acyl groups, may be separated using a reversedphase C18 LC column packed with superficially porous particles (e.g., SB300 Poroshell column, Agilent-Technologies, CA, USA) ( Fig. 1) . A linear gradient of methanol (or acetonitrile) in water containing acetate buffer affords good peak shape at fast flow rates. This is probably due to the fact that large lipids rapidly penetrate the thin shell of the superficial coating material, reducing diffusion and peak tailing. A combination of high temperature and high flow velocities improves the separation speed, resulting in better peak shape.
Step 3. Intrasource ionization coupled to MS separation of lipid molecules
Most lipids can be detected using either ESI or APCI techniques. Here, we illustrate an approach that uses ESI in either the positive or negative mode ( Fig. 1 ).
2.3.1.
Small lipids-Small neutral lipids (e.g. esters or amides of fatty acids) are generally detected as protonated molecular ions or sodium and ammonium adducts in the positive ESI mode. In contrast, more polar small lipids (e.g. those containing free carboxylic or phosphate groups) are detected as deprotonated molecular ions in the negative ESI mode ( Fig. 1 ).
Large lipids-Large
apolar lipids (e.g., triacylglycerols, TAGs, and diacylglycerols, DAGs) are detected as sodium or ammonium adducts in the positive ESI mode. Large lipids containing a positively charged group (e.g. phosphatidylcholine), can be detected as positively charged molecular ions in the positive ESI mode. Alternatively, such lipids can be also detected as acetate adducts in the negative ESI mode. In contrast, large anionic lipids are detected as deprotonated molecular ions in the negative ESI mode (Fig. 1 ).
LC/MS tools for metabolite discovery
2.4.1. LC/MS imaging-Traditional ways to represent LC/MS runs (peak intensity vs retention time) ( Fig. 2A , top) provide limited information, owing to the coexistence in a single sample of multiple isobaric and isomeric molecular species. A practical solution to bypass this problem is to represent LC/MS chromatograms as 3D maps (LC elution time vs mass vs intensity) ( Fig. 2A, bottom) [12, 14] . This imaging tool allows for an intuitive visual inspection of the molecular content of a biological sample and can also be used for qualitative analysis [12, 14] .
Gentle ESI/MS n fragmentation-
The combination of soft ionization techniques such as ESI and the gentle process of fragmentation produced by the ion trap instrument generates a series of fragment ions that may be found physiologically as neutral molecular species (Fig. 2B ). For example, fragments generated by the ESI/MS n analysis of complex lipid species are also common products of enzymatic hydrolysis (e.g., lysophospholipids and fatty acids) or chemical rearrangement (e.g., products of intramolecular cyclization of phosphate groups) ( Fig.2B) [12] . This suggests that a "gentle fragmentation approach" can be used as a discovery tool in biochemistry for the study of catabolic products of known biomolecules and the identification of novel biologically relevant metabolites.
Metabolism of anandamide
Anandamide is biosynthesized through cleavage of a group of membrane glycerophospholipid precursors in response to extracellular signals (Fig. 3 ). In the next section, we illustrate the applications of a lipidomic approach (previously described in Section 2) to the analysis of anandamide formation and degradation in human brain samples (frontal cortex from healthy male subjects aging from 64 to 82; average post mortem interval 4.2 hours) obtained through the courtesy of Drs. Carl W. Cotman and Dr. Elizabeth Head (Institute for Brain Aging and Dementia and Alzheimer's Disease Research Center at University of California, Irvine).
Lipid remodeling of anandamide precursors
A likely physiological route for the formation of anandamide requires the generation of Narachidonoyl-phosphatidylethanolamines (NAPEs), which are produced through the transfer of arachidonic acid from the sn-1 position of phospholipids (e.g., phosphatidylcholine, PC) to the primary amine of phosphatidylethanolamine (PE, Fig. 4 ; method details are in the figure legend) [12, [28] [29] [30] . This reaction is catalyzed by an as-yet-uncharacterized N-acyltransferase (NAT), which may also be involved in the biosynthesis of other N-acyl PE [12, [28] [29] [30] (Fig. 3 ) (see Section 3.5). Figure 5 shows the LC/MS n identification of a NAPE precursor, 1,2diarachidonoyl-phosphatidylcholine, in frozen human brain sample (method details are in the figure legend).
Anandamide formation
Starting from NAPEs (Fig. 6 ), three distinct biochemical pathways have been proposed for the formation of anandamide ( Fig. 3) : 1) the direct conversion of NAPE to anandamide by a NAPEspecific phospholipase D (PLD) [5, 31] ; 2) the hydrolysis of NAPE by a NAPE-specific phospholipase A1/A2 (e.g. α/β hydrolase-4, ABHD-4) to form the intermediates lyso-NAPE ( Fig. 6 ) and glycerophospho-anandamide, which are then cleaved by PLD [32] [33] [34] ; 3) the hydrolysis of NAPE catalyzed by a NAPE-specific phospholipase C to yield the intermediate phosphoanandamide, which can then be cleaved by a lipid phosphatase such as protein tyrosine phosphatase, non-receptor type 22 [35, 36] .
Anandamide degradation
Anandamide degradation requires first its transport across the plasma membrane, which may occur by carrier-mediated facilitated diffusion [37] [38] [39] . Once inside the cell, anandamide is hydrolyzed to arachidonic acid and ethanolamine by intracellular, membrane-bound fatty acid amide hydrolases (FAAHs) [40, 41] . FAAHs also hydrolyze other bioactive fatty acid amides (e.g. fatty acid primary amides and N-acyl amino acids, see Section 3.5) [42] [43] [44] .
Oxidative metabolism of anandamide
Anandamide can be metabolized by cyclooxygenase-2 (COX-2), 12-and 15-lipoxygenase (LOX), and cytochrome P450 (CYP450) to generate prostaglandin ethanolamides (prostamides), hydroperoxides, hydroxy and epoxide metabolites ( Fig. 3 ) [45] [46] [47] [48] [49] [50] [51] [52] . Most of these molecules have low affinity for cannabinoid receptors and display moderate activity as FAAH inhibitors, which may result in a potentiation of anandamide signaling. However, because of their extremely low concentrations in tissues, their physiological functions remain unclear.
Fatty-acid ethanolamides (FAEs)
Anandamide belongs to the fatty acid ethanolamide (FAEs) (or else N-acylethanolamides, NAEs) family of signaling lipids, which include both cannabimimetic and noncannabimimetic molecules that are present in most mammalian tissues. These molecules, which only differ in length and degree of unsaturation of their acyl chains, share several biosynthetic and degradative enzymes.
Cannabimimetic FAEs-Two polyunsaturated FAEs
, docosatetraenoylethanolamide (C22:4, Δ 7-10-13-16 ) and dihomo-γ-linolenoylethanolamide (C20:3, Δ 8-11-14 ) bind with high affinity to cannabinoid receptors [53, 54] and produce pharmacological effects similar to those of anandamide. Notably, our analyses show that these two lipids are present in human brain tissue at concentrations comparable to those of anandamide ( Fig. 7) . [55] . Yet, their levels are from 1-10 times higher than those of anandamide and they may serve important physiological functions. For example, palmitoylethanolamide (C16:0) and oleoylethanolamide (C18:1, Δ 9 ) ( Fig. 7) are endogenous ligands for the nuclear receptor peroxisome-activated receptor-alpha (PPAR-alpha) and exert anorexic, analgesic and antiinflammatory effects [56] [57] [58] [59] [60] . Stearoylethanolamide (C18:0) ( Fig.  7 ) also appears to produce antiinflammatory and anorexic effects [61] [62] [63] . The biological distribution of other FAEs such as linoleoylethanolamide (C18:2, Δ 9-12 ) and linolenoylethanolamide (C18:3, Δ 6-9-12 ) in rat appears to be tissue-specific, with very high levels in peripheral tissues (e.g., intestine) [14, 64] , while almost undetectable levels in the brain.
Non-cannabimimetic FAEs-Most endogenous FAEs do not productively bind cannabinoid receptors

Fatty-acid amides
Besides FAEs, fatty acyl amide analogs of anandamide include two additional classes of endogenous molecules: 1) primary fatty acid amides (e.g. oleamide) [65] ; 2) N-acyl amino acids (also called elmiric acids), which derive from the conjugation of fatty acids with amino acids or amino-acid derivatives (e.g. N-acyl glycine, N-acyl taurine, N-acyl serotonin and Nacyl dopamine) [55, 66, 67] . Although some of these amides have clear pharmacological effects, such as the activation of the TRPV-1 receptor channels, the elucidation of their physiological roles awaits further investigation. It is important to point out that several such amides (e.g., oleamide) are commonly used in the production of plasticware, and may thus leach into the biological samples during work-up [68] .
Assays for the metabolism of anandamide
Several enzymatic assays have been developed to study anandamide metabolism in vitro [12, 14] . Here, we review some selected examples of assays relying on fast and ultra-fast LC/MS analysis.
NAPE biosynthesis [12]-
The N-acylation of PE (e.g. by NAT activity) can be measured by incubating (at 37°C in 50mM Tris-HCl, pH 8.0 and 0.1% Triton X-100) a protein preparation and synthetic 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine, which is used as a substrate. The reaction product, 1,2-diheptadecanoyl-sn-glycero-3phosphoethanolamine-N-arachidonoyl, can be measured by LC/MS using 1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-heptadecanoyl as an internal standard.
NAPE hydrolysis [14]
-The rate of NAPE hydrolysis (e.g. by NAPE-PLD activity) can be determined by incubating (at 37 °C in 50 mM Tris-HCl, pH 7.4 and 0.1% Triton X-100, 1 mM phenylmethylsulphonylfluoride) a protein preparation in the presence of the synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-heptadecanoyl, which is used as substrate and can be synthesized as previously reported [12] . The final product, heptadecanoylethanolamide, can be monitored by LC/MS using d 4heptadecanoylethanolamide as an internal standard.
Anandamide degradation-Anandamide hydrolysis (e.g. by FAAH activity) can
be measured by incubating (at 37°C in 50mM Tris-HCl, pH 8.0 and 0.05% fatty acid-free bovine serum albumin) a protein preparation in the presence of synthetic heptadecanoylethanolamide, which is used as substrate and can be synthesized as previously reported [14] . The final product, heptadecanoic acid (C17:0), can be monitored by LC/MS using heptadecenoic acid (C17:1, Δ 10 ) as internal standard.
Metabolism of 2-AG
2-AG biosynthesis in neural cells is driven by a rise in intracellular calcium levels and/or activation of G q/11 -coupled receptors [2, 15, 69] , and proceeds through a series of pathways that are distinct from those involved in anandamide production (Fig. 8 ). In the following section, we review current applications for the lipidomic analysis of 2-AG metabolism in human brain samples (Section 3).
Lipid remodeling of 2-AG precursors
2-AG formation requires the generation of arachidonic acid-containing DAGs and lysoglycerophospholipid species (Fig. 8 ).
DAGs-DAGs
can derive from three main enzymatic routes: 1) PLC-mediated hydrolysis of membrane phospholipids, particularly phosphoinositides; 2) phosphatase-mediated hydrolysis of phosphatidic acid (PA); 3) lipase-mediated hydrolysis of TAGs (Fig.  8) . The fatty acid compositions of DAGs formed by these various routes reflect the composition of the parent lipid. In particular, those derived from inositol phospholipids are highly enriched in molecular species containing stearic acid in position sn-1 and arachidonic acid in position sn-2 (Fig. 9A) [15] . However, also phosphatidylcholine ( Fig. 9B ) and PA may serve as source of 1-acyl,2-arachidonoyl-DAG [70] [71] [72] . Furthermore, our analysis reveal that several arachidonoyl-containing TAG species are present in human brain, which might contribute to DAG and 2-AG formation (Fig.10) . The biological significance of neuronal TAGs is unclear at present. Finally, recent evidence suggests the existence of preformed DAG pools in neurons, which may be directly hydrolyzed to 2-AG in response to stimuli [15, 73] .
4.1.2.
Lysophospholipids-Arachidonoyl-containing lysophospholipids may contribute to 2-AG formation [74] . Such lysophospholipids may derive from the PLA 1 -mediated hydrolysis of phospholipids (Fig. 8 ).
2-AG formation
Three biosynthetic pathways have been proposed for 2-AG formation (Fig. 8 ) starting either from glycerolipids or glycerophospholipids: 1) diacylglycerol lipase (DGL)-mediated hydrolysis of 1-acyl,2-arachidonoyl-DAGs ( Fig. 11) [75] ; 2) lyso-PLC-mediated hydrolysis of arachidonoyl-containing lysophospholipids (e.g. 2-arachidonoyl phosphatidylcholine) [74] ; and 3) phosphatase-mediated hydrolysis of 2-arachidonoyl-lysophosphatidic acid (LPA) [71] . LPA may derive either from the PLA 1 -mediated hydrolysis of PA or the direct hydrolysis of lysophospholipids by a lyso-PLD. The relative importance of each of these routes to the biosynthesis of 2-AG ( Fig. 11) is currently under investigation.
2-AG degradation
2-AG is rapidly internalized by neuronal cells, and, after uptake, is cleaved by serine hydrolases to generate free arachidonic acid and glycerol. Approximately 85% of the 2-AG-hydrolyzing activity in the murine brain is accounted for by monoacylglycerol lipase (MGL) [76] [77] [78] . The remaining activity has been ascribed to α/β hydrolase-6 (ABHD-6) and α/β hydrolase-12 (ABHD-12) [76] . Notably, because 2-AG levels are in the order of nmoles per gram of tissue in most biological tissues, its hydrolysis can provide a significant source of arachidonic acid and eicosanoids (Fig. 8) [15, 73] .
Oxidative metabolism
As for anandamide, 2-AG can be metabolized by oxidative enzymes as effectively as arachidonic acid. LOXs-, COX-2-, and CYP450-mediated 2-AG oxygenation provides hydroxyperoxy, hydroxy, prostaglandin and epoxide metabolites ( Fig. 8) [47, [79] [80] [81] . Notably, because of the high physiological concentrations of 2-AG, the oxidative metabolism of this endocannabinoid may be physiologically relevant, and may give rise to a novel class of signal mediators [82, 83] . For example, 2-(14,15-epoxyeicosatrienoyl)-glycerol, which is a 2-AG metabolite produced through action of CYP450, has been shown to bind with high affinity to cannabinoid receptors and exerts mitogenic activity [84] . Moreover, the hydrolysis of oxygenated derivatives of 2-AG could contribute to the mobilization of other eicosanoids (i.e. prostaglandin, hydroxy and epoxide derivatives of arachidonic acid) [45, 46, 82] .
Anabolic metabolism
2-AG can be converted into complex lipids by anabolic enzymes such as MAG kinases or acyltransferases, which generate 2-arachidonoyl-LPA and DAG, respectively. These lipids can be further converted into glycerophospholipids (through the cytidine diphosphate-DAG pathway) or TAG (Fig. 8 ).
Ether and esters of glycerol
2-AG analogs include both cannabimimetic and non-cannabimimetic molecules. 4.6.1. Cannabimimetic analogs-2-Arachidonoyl glyceryl-ether or noladin ether is a metabolically stable analog of 2-AG that binds to cannabinoid receptors with high affinity [85] . This lipid was found in brain extracts, but this finding was later called into question [86, 87] . 4.6.2. Non-cannabimimetic analogs-2-AG biosynthesis is accompanied by formation of various 2-acylglycerol esters such as 2-oleoyl-sn-glycerol and 2-linoleyl-sn-glycerol [15] . Although these molecules show no distinct activity at cannabinoid receptors, they might potentiate the activity of 2-AG by reducing its lipase-mediated hydrolysis [88] .
Assays for the metabolism of 2-AG
Enzymatic assays of 2-AG metabolism that use fast and ultra-fast LC/MS analysis are reviewed below [15, 89] 
Conclusions
The use of LC/MS-based lipidomic approaches is leading to a better understanding of the interconnected lipid pathways that regulate endocannabinoid metabolism. Many questions still remain on the regulation of the biosynthesis and degradation of endocannabinoids. It can be assumed that the endocannabinoid field will greatly benefit from the development of new technologies and applications for the analysis of lipids. visualizes individual molecular species present in the mixture. The first dimension is elution time, the second is mass-to-charge ratio (m/z) and the third relative intensity of the signal, which is symbolized with a pseudocolor scale. LC/MS n conditions are those previously reported [12] . Three-dimensional maps were generated using MS Processor from Advanced Chemistry Development, Inc. (Toronto, Canada). B, Representative ESI/MS n analysis of Narachidonoyl phosphoethanolamide species in the rat brain. MS 2 and MS 3 lead to fragment ions that are found physiologically as neutral molecular species: lyso-NAPE (LNAPE), phosphoanandamide (PAEA), oleic acid (OA), stearic aldehyde (SAd), cycliclysophosphatidic acid (cLPA) and a cyclic glycerophospho-anandamide (cGPAEA, which has not yet been identified in mammals). Fig. 4 legend. Lipids were extracted from approximately 50 mg of brain tissue and resuspended in 0.1 ml of methanol. Injection volume was 10 μl. PC species were detected as acetate adducts of the molecular ions using ESI set in the negative mode. The MS 2 fragmentation pattern is characterized by neutral loss of the acetate adduct of the N-methyl group. MS 3 of the ion with m/z 814.5 yields the lysophospholipid with neutral loss of ketene in combination with the sn-1 and sn-2 carboxylate anions. Abbreviations: R 1 =sn-1 aliphatic chain; R 2 =sn-2 aliphatic chain.
Figure 6. Anandamide precursors: analysis of NAPE and lyso-NAPE species
Identification of endogenous NAPE (A) and lyso-NAPE species (B) in a human brain sample using LC coupled to an ion trap instrument. Sample characteristics are described in the text and LC/MS conditions in Fig. 4 legend. Lipids were extracted from approximately 50 mg of brain tissue and resuspended in 0.1 ml of methanol. Injection volume was 10 μl. A 3D LC/MS contour mapping (A, top) of lipid extracts visualized the individual NAPE species, which were detected as deprotonated molecular ion in the negative ion mode. The first dimension is the elution time, the second is m/z ratio and the third the relative intensity of the signal, which is represented by a pseudocolor scale. In MS 2 , the product ions are mainly sn-2 lysophospholipid with neutral loss of ketene, the sn-2 carboxylate anion and a series of characteristic minor fragments (A, bottom) [12] . Lyso-NAPE species were separated by PE and NAPE species using the chromatographic conditions described in Fig. 4 legend (B, top) . In MS 2 , the lyso-NAPE yielded the putative cyclic glycerophospho-anandamide and sn-1 carboxylate anions (B, bottom) [90] . LC/MS n analysis of endogenous cannabimimetic and non-cannabimimetic fatty acid ethanolamides (FAEs) in human brain. Sample characteristics are described in the text. Lipids were extracted from approximately 50 mg of brain tissue and resuspended in 0.1 ml of methanol. Injection volume was 10 μl. FAEs were detected as sodium adducts of the molecular ions using ESI set in the positive mode. LC/MS conditions are as described [64] . A, Representative LC/MS n analysis of 1-stearoyl,2-arachidonoyl-sn-glycero-3phosphoinositol in a human brain. Sample characteristics are described in the text. LC/MS conditions in Fig. 4 legend. Lipids were extracted from approximately 50 mg of brain tissue and resuspended in 0.1 ml of methanol. Injection volume was 10 μl. In the negative ion mode PI was detected as deprotonated molecular ion. MS 2 yielded the sn-2 lyso-PI together with the sn-1 and sn-2 carboxylate anions. Furthermore, the neutral loss of a ketene in combination with the neutral loss of the inositol head group yielded a putative cyclic sn-1 lysophosphatidic acid derivative. B, Representative LC/MS n analysis of 1-stearoyl,2-arachidonoyl-sn-glycero-3phosphocholine in a human brain sample. Chromatographic conditions are described in Fig. 4 legend. PC was detected as protonated molecular ion in the positive ion mode. MS 2 yielded product ions deriving from the neutral loss of the trimethylammonium and the phosphocholine head group. Abbreviations: R 1 =sn-1 aliphatic chain; R 2 =sn-2 aliphatic chain.
